ABSTRACT On aneurally cultured rat primary myotubes, 10% of the acetylcholine receptors (AcChoR) are found to be aggregated and immobilized in endogenous clusters while the remainder are diffusely distributed and partially mobile. This paper reports that AcChoR in clusters can be gathered from AcChoR in diffuse areas during the course of normal myotube development. AcChoR were fluorescently labeled with rhodamine-conjugated a-bungarotoxin, and all existing clusters in a circumscribed region of the culture dish were irreversibly photobleached by a slightly defocused laser beam, the movement of which was controlled by a lens mounted on a joystick translator. This procedure leaves intact only the fluorescent label on the diffusely distributed AcChoR. Observation of the myotubes after several hours of incubation revealed cluster fluorescence redevelopment. This cluster fluorescence must have consisted ofAcChoR that previously were diffusely distributed. The majority (but not all) of cluster fluorescence redevelopment occurred in the location of a previously bleached cluster. About half of the redeveloped clusters have an annular shape. The major conclusions ofthis study are (i) diffusely distributed AcChoR can become clustered; (ii) endogenous clusters appear to form, at least in part, by "trapping" receptors as they diffuse in from surrounding regions; (iii) cluster formation is an ongoing process in cultured rat myotubes; and (iv) colchicine (a microtubule-disrupting agent) inhibits cluster formation.
Both lateral mobility and immobility ofacetylcholine receptors (AcChoR) play a role in the establishment and maintenance of myoneural junctions. Anderson and Cohen (1) have shown that the AcChoR are gathered into clusters at the point where a nerve contacts a muscle cell in an amphibian culture system; this redistribution of receptors indicates that the AcChoR are free to move in the membrane. Most of these nerve-muscle contacts go on to become functional synapses at which the AcChoR are immobilized.
On aneurally cultured rat myotubes, approximately 10% of the AcChoR are found to be aggregated in endogenous clusters (also called "patches") while the remainder are uniformly distributed over the entire membrane. Some ofthe uniformly distributed AcChoR are mobile while those in clusters are virtually immobile (2) .
The mechanism underlying the immobilization of clustered AcChoR is not yet understood. Some workers have postulated the existence of an immobile intramembrane or submembrane filamentous cytoskeleton that anchors the immobile AcChoR (3) . It should be noted, however, that microtubule-and microfilament-disrupting agents have no effect on the mobility of AcChoR, whether mobile or immobilized in clusters (4, 5) .
It is also possible that the difference in mobility reflects a difference in the structure or biochemistry of the receptors.
Indeed, biochemical differences between two coexisting classes of receptors, junctional and extrajunctional AcChoR on denervated adult muscle fibers, have been reported (for review, see refs. 6 and 7).
Whatever mechanism is involved in the immobilization of clustered AcChoR, it is of interest to know whether such clustered receptors are uniquely capable of aggregation or, alternatively, whether they can exchange with the diffusely distributed ones in the cell membrane.
We here examine the ability ofdiffusely distributed AcChoR to become incorporated into clusters during normal cell development in culture. Using a variation of the fluorescence photobleaching recovery technique, we show that (i) diffusely distributed AcChoR can become clustered; (ii) endogenous clusters appear to form, at least in part, by "trapping" receptors as they diffuse from the surrounding regions; (iii) cluster formation is an ongoing process in cultured myotubes; and (iv) the presence of colchicine (a microtubule-disrupting agent) inhibits cluster formation.
MATERIALS AND METHODS Culture Preparation and Treatment. Primary rat myotube cultures were prepared as described (8) and were plated in dishes with glass coverslip bottoms in 2 ml of Dulbecco's modified Eagle's medium/10% fetal calfserum (both from GIBCO)/ 0.5% gentamycin (at 1 mg/ml in stock solution; Schering, Ken- ilworth, NJ) containing tetrodotoxin (TTX; 0.6 Ag/ml; Sigma).
Medium was not changed after plating. Experiments were carried out on myotubes in 6-to 7-day-old cultures.
Fluorescent Toxins. Toxins were fluorescently labeled as described by Ravdin and Axelrod (9) . Myotube cultures were exposed to tetramethylrhodamine-labeled a-bungarotoxin (R-BTX; toxin obtained from Miami Serpentarium) in medium at 37°C for 1 hr and then washed several times in phosphate-buffered saline (Pi/NaCl; GIBCO) containing TTX at 0.6 jig/ml. After all the clusters in the circumscribed region were bleached, the cells were returned to complete medium and incubated at 37TC for 6.5-7.5 hr. At the end of this "recovery period," the cells were washed several times with Pi/NaCl/ TTX and then observed with epi-illumination by a completely defocused laser beam at the same power.
In some experiments, cells were relabeled with R-BTX after the post-recovery observation to label the AcChoR that had been incorporated into the membrane since the time of first labeling.
Video Camera and Photography Mural. The circumscribed region on one culture dish was photographed in its entirety at three points in the experiment. Photography was done before the patches were bleached, at the end of the recovery period, and after the cells had been relabeled for 1 hr with R-BTX. To limit the length oftime the cells were exposed to laser light (i. e., to limit the amount of nonselective bleaching of the fluorescence label), the photography was carried out as a two-step process. First, the cells were viewed with a silicon-intensified target video camera (Cohu 4400); the field of view was recorded on a video tape recorder (Panasonic NV 8030) and simultaneously displayed on a television monitor (Panasonic WV 5300). By moving the culture dish on the stage of the microscope, the region ofinterest could be scanned completely. Later, the video tape was played back and the television screen was photographed with a 35-mm camera with Tri-X film (Kodak). Negatives were contact printed, and the resulting small prints were glued together to reconstruct a mural of the entire circumscribed region. RESULTS R-BTX-labeled AcChoR clusters before and immediately after photobleaching are shown in Fig. 2 . After the 6.5-to 7.5-hr recovery period, a number of faint clusters could be seen. Be- Proc. Nad Acad. Sci. USA 80 (1983) cause all of the clustered AcChoR fluorescence was previously bleached, we conclude that this redeveloped cluster fluorescence must have arisen from previously diffusely distributed AcChoR. Because the BTX-AcChoR complex is extremely stable (10), it is unlikely that this redeveloped cluster fluorescence is due to dissociation and rebinding of R-BTX. During 31 experiments, 3,063 clusters were bleached and, after recovery, 622 clusters, 20% of the number originally bleached, were observed. The number of reformed clusters varied with each experiment, ranging from 4% to 46% of the number originally bleached. As shown in Fig. 3 , these clusters were generally faint, but the internal structure of lines and speckles that is characteristic of endogenous clusters was unmistakably present.
On the other hand, when the recovery period after photobleaching was only a 0.5-1.0 hr, very few clusters were seen.
During five experiments, 856 clusters were bleached and 40 were observed after recovery, 5% of the number originally bleached (range: 4-7% of the number originally bleached). These clusters generally lacked the internal structure characteristic of endogenous clusters. When colchicine, a known microtubule disrupter, was added to the medium during the recovery period, the number ofclusters observed at the end of the 6.5-to 7.5-hr recovery period decreased sharply and in a dose-dependent manner (Fig. 4) . The number of clusters observed after the cultures were subsequently relabeled with R-BTX (thus revealing any clusters that had formed entirely of AcChoR incorporated into the membrane during the recovery period) decreased even more sharply, again in a dose-dependent manner.
To determine whether the clusters observed at the end of the recovery period (both before and after relabeling) occurred at sites on the membrane where clusters had originally been bleached, we compared photographic murals of the circumscribed region on one culture dish at three time points during the experiment: before the clusters were bleached, at the end of the recovery period, and after relabeling. The results of the comparison are summarized in Fig. 5 . Briefly, most of the redeveloped cluster fluorescence was found in regions where clusters had been bleached, but a minority developed in previously cluster-free regions.
Slightly more than half of the faint clusters were annular in shape (58%), a ring of fluorescence surrounding a dark center (Fig. 3) . On relabeling, the majority of these annular clusters retained their annularity; only 18% did not. Native clusters are rarely annular; only 1 out of 41 had that shape.
We performed experiments to verify that photobleaching does not destroy the toxin-binding ability of the AcChoR nor cause the toxin to dissociate from the receptors. Myotube cultures were exposed to rhodamine-labeled a-cobratoxin (R-CTX) in medium for 1 hr at 37TC. They were then washed several times in Pi/NaCl/TTX and all clusters in a circumscribed region were bleached. R-CTX was dissociated from the receptors by incubating the labeled cells in medium containing curare (Baltimore Biological Laboratory; 1.4 mg/ml) (11). Addition offluorescein-labeled BTX (F-BTX) to this medium relabeled all of the AcChoR remaining intact after the photobleaching step. Out of 174 clusters bleached in this experiment, essentially all could be revisualized by curare treatment and F-BTX relabeling. Since all of the revisualized clusters showed the characteristic structure ofendogenous clusters, we conclude that the bleached label was replaced by unbleached label and the underlying structure was unaltered by photobleaching.
In a separate experiment, myotube cultures were exposed to R-BTX at 370C for 50 min. They were then washed in Pi/ NaCl/TTX and a stripe was bleached across all clusters. The cells were immediately relabeled with R-BTX (370C for 55 min), washed with Pi/NaCl/TTX, and observed. All 
DISCUSSION
We have shown that cluster fluorescence redevelops within 7.5 hr after previous cluster fluorescence has been selectively and irreversibly photobleached. From this result, we conclude that the redeveloped cluster fluorescence must emanate from previously diffusely distributed AcChoR-i.e., that diffusely distributed AcChoR can become clustered.
Numerous previous investigations have shown that clustering of diffusely distributed cell surface proteins can be exogenously triggered (12, 13)-in particular, the redistribution of AcChoR induced by neural contact (1, 14) or neurally derived factors (15, 16) . This paper reports an ongoing spontaneous clustering of diffusely distributed AcChoR that is not contingent on addition of exogenous agents. Furthermore, it is not yet clear whether AcChoR clusters induced by neural contact in a Xenopus coculture system originate from AcChoR in previously existing endogenous clusters or from diffusely distributed receptors. In this study, we have unambiguously demonstrated clustering of diffusely distributed AcChoR, a finding consistent with the hypothesis that the mechanism that mediates AcChoR aggregation does not reside in the receptors themselves.
It is possible to explain our results by postulating more complex mechanisms of receptor movement-e.g., an internalization mechanism that "shuffles" AcChoR in and out of clusters via special membrane-enclosed vesicles. Although it is difficult to rule out such a possibility, the annular shape of many of the redeveloped clusters argues against it.
Previously, it has been shown that the lifetime of the clusProc. Natl. Acad. Sci. USA 80 (1983) tered AcChoR on the membrane surface is no greater than that ofthe diffusely distributed ones and is less than that ofthe cluster as a whole (2) . Endogenous clusters are clearly not static structures; Bloch (5) has reported that de novo cluster formation is an ongoing process in myotubes. We report here (Fig. 5 ) the various mechanisms involved in cluster maintenance. Redevelopment ofcluster fluorescence in the location ofa previously bleached cluster (Fig. 5A) indicates that existing cultures can trap nonclustered AcChoR as they diffuse in from surrounding regions. Such a passive diffusion-trap mechanism has also been suggested for the induced localization of AcChoR at the site of nerve-muscle contacts (17, 18) . The annular shape of the faint clusters observed at the end of the recovery period in our experiments is consistent with this mechanism.
Weinberg et al (19) (Fig. 5B) indicates the formation of a new cluster, at least partially from AcChoR already present on the membrane. Cluster-fluorescence appearance in a new location only on relabeling (Fig. SE) indicates the formation of a new cluster, mainly from AcChoR inserted into the membrane during the recovery period. Cluster formation and turnover is apparently an ongoing process in cultured myotubes, using AcChoR newly incorporated into the membrane, "old" diffusely distributed AcChoR, or both. Failure of cluster fluorescence to develop in a location where a cluster has been bleached combined with failure to appear there on relabeling (Fig. 5C) we photobleach all diffusely distributed AcChoR, leaving only the label on clustered receptors intact. Because only 10% ofthe AcChoR on myotubes are aggregated into clusters (2), the fluorescence remaining after photobleaching would be too faint to detect, especially if this fluorescence were diffusely distributed. We suggest that AcChoR are immobilized by a submembranous anchoring network and that any AcChoR can become attached to an anchor. It is possible that the characteristic structure of endogenous clusters, that discrete pattern of lines and speckles, is a manifestation ofthe arrangement ofthe anchoring network. Cytoplasmic vinculin appears to be associated with this anchoring network (20) . It is not yet-clear whether the vinculin actually composes the anchoring network or merely codistributes with it.
The ability of colchicine to inhibit reaggregation of clusters after dispersal with sodium azide (5), as well as the spontaneous redevelopment of clusters from diffusely distributed AcChoR in unpoisoned cells (Fig. 4) , suggests the involvement of microtubules in cluster formation. Note, however, that existing clusters cannot be dispersed by treatment with colchicine (4, 5), indicating that cluster stability is not dependent on microtubules. A complete picture of cluster structure remains to be elucidated.
